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Abstract: The architecture, kinematics, and timing of fold-and-thrust belt development provide essential first-order constraints on
the structural evolution of continental collision zones. The southern Sivas fold-thrust belt (SSFTB) is a ~300 × 50-km-long, ENEtrending contractional belt located in the Sivas Basin at the western end of the Arabia-Eurasia collision zone, and along the İzmirAnkara-Erzincan and Inner Tauride suture zones. We present new geologic mapping and the first detailed structural characterization
and seismotectonic evidence of active deformation along the western and central segments of the SSFTB that provide new insights
into the timing and kinematics of deformation associated with collision and escape in Central Anatolia. The SSFTB is a dominantly
north-vergent contractional belt that initiated during the late Eocene and experienced several punctuated episodes of shortening and
exhumation, primarily during the late Oligocene and late Miocene. Structural mapping and balanced cross-sections reveal that minimum
cumulative shortening increases from west (29%) to east (34%) along the belt, along with a gradual eastward increase in fold asymmetry
and a progressive transition from fold-related to overturned fold-and-thrust-related shortening. The kinematics of the central and
eastern SSFTB changed from north-vergent thrusting during the late Eocene and Oligocene to predominantly south-vergent during the
Miocene. Contraction in the SSFTB ended by ~7–6 Ma and was followed by a switch to distributed and kinematically linked sinistral
strike-slip and normal faulting along the northeastern segment of the Central Anatolian fault zone. Offset strain markers suggest a total
of at least 1.7–2.4 km of left-lateral slip on the Deliler fault and ~940 m of normal slip on the Hınzır fault. The latest Miocene to Pliocene
switch to intraplate strike-slip deformation marks a regional transition to westward tectonic escape of the Anatolian microplate.
Key words: Sivas Basin, Central Anatolian fault zone, fold-thrust belt, shortening, collision, escape

1. Introduction
Situated at the western end of the Arabia-Eurasia collision
zone, the Anatolia Orogen represents the type example of a
tectonic escape system on Earth (McKenzie, 1972; Dewey
and Şengör, 1979; Jackson and McKenzie, 1984). Anatolia
hosts numerous sedimentary basins that provide crucial
records of orogenic evolution, most of which contain
thick Cenozoic sequences that have been well studied and
correlated from a stratigraphic perspective (e.g., Görür et
al., 1984, 1998; Hempton, 1985; Yılmaz, 1993; Gürer and
Aldanmaz, 2002; Boulton, 2009; Kaymakci et al., 2009;
Rice et al., 2009; Booth et al., 2013). However, there is still
significant uncertainty in the tectonic settings of many
of these basins (Görür et al., 1998; Gürer and Aldanmaz,
2002; Yılmaz and Yılmaz, 2019). Moreover, the timing and
mechanism(s) responsible for widespread deformation,
particularly in Central and Eastern Anatolia, are debated
and not well understood (e.g., Dirik et al., 1999; Clark
and Robertson, 2002; Yılmaz and Yılmaz, 2006, 2019;

Kaymakci et al., 2010; Okay et al., 2010; Ballato et al., 2018;
Darin et al., 2018). Many key aspects of the structural
evolution of the Anatolian basins remain unresolved, such
as the timing and magnitude of upper plate shortening,
the timing of Arabia-Eurasia collision and the switch
to tectonic escape, the detailed structural geology of
escape, and the magnitude and distribution of intraplate
neotectonic strain within the Anatolian microplate, such
as that associated with the Central Anatolian fault zone
(CAFZ).
The Sivas Basin is among the largest orogenic
sedimentary basins in Anatolia and contains one of
the thickest and most complete stratigraphic archives
of major tectonic transitions, from subduction and
microcontinental accretion to continental collision, and
ultimately escape tectonics. The basin is bisected by a
~300-km-long by 50-km-wide ENE-striking contractional
belt, herein referred to as the southern Sivas fold-thrust belt
(SSFTB) (Figure 1). The structural evolution of the Sivas
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Figure 1. Tectonic setting of Central Anatolia highlighting the locations of the Sivas Basin (SB) and the study area in the western and central sectors of
the southern Sivas fold-thrust belt (SSFTB). (A) Regional tectonic map of the eastern Mediterranean showing the Sivas Basin and major tectonic blocks of
the Anatolian collage. (B) Structural map and physiography of the Central Anatolia Plateau. Solid (Aktuğ et al., 2013), dashed (Reilinger et al., 2006), and
dotted (Tatar et al., 2012) blue arrows show GPS-derived velocities relative to a fixed Eurasia plate. (C) Crustal-scale cross-section across Central Anatolia.
The Sivas Basin overlaps two suture zones that formed because of Maastrichtian-Paleocene closure of the northern Neotethys Ocean. Subsurface faults
are schematic. Moho depths are derived from the 3D receiver function model of Abgarmi et al. (2017), and dashed where approximate at the edge of the
model space. Major fault zones (bold black lines): CAFZ – Central Anatolian; EAFZ – Eastern Anatolian; MOFZ – Malatya-Ovacik; NAFZ - Northern
Anatolian. Suture zones: BSZ – Bitlis; IAESZ – İzmir-Ankara-Erzincan; ITS – Inner Tauride. Other abbreviations: ATB – Anatolide-Tauride block; CAVP
– Central Anatolian volcanic province; NM – Niğde Massif; Sf – Sürgü fault; UB – Ulukişla Basin; YVC – Yamadağ volcanic complex.
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Basin has traditionally been interpreted from stratigraphic
relationships based on geologic mapping (e.g., Yılmaz et
al., 1989; Atabey and Aktimur, 1997; MTA, 2002; Bilgiç
and Terlemez, 2007; Bilgiç, 2008), as well as a few structural
studies that have recognized elemental aspects of the local
deformation history in the western (Gökten, 1983; Dirik et
al., 1999) and central Sivas Basin (Ketin, 1966; Kurtman,
1973; Gürsoy et al., 1992; Poisson et al., 1992, 1996; Temiz,
1996; Guezou et al., 1996; Kergaravat et al., 2016; Legeay
et al., 2019a, 2019b). Recent detailed sedimentologic,
stratigraphic, and structural studies from the central Sivas
Basin have highlighted the early basin evolution associated
with Late Cretaceous ophiolite obduction (Yılmaz and
Yılmaz, 2006; Legeay et al., 2019a) and the fundamental
role of salt tectonic processes in controlling the tectonosedimentary evolution to the north of the SSFTB and
along its northern margin (Ribes et al., 2015; Kergaravat
et al., 2016, 2017; Legeay et al., 2019b). However, detailed
structural mapping and systematic documentation of
the style, spatial pattern, kinematics, and magnitude of
deformation have not been conducted along the axis of the
SSFTB and farther south in the southern Sivas Basin.
The objectives of this paper are to characterize the
structural architecture, kinematic evolution, and active
deformation of the western and central sectors of the
SSFTB (Figure 1). Our interpretations are principally based
on new detailed geologic mapping, structural analyses of
bedding attitudes and fault kinematics, and seismotectonic
data along the western and central segments of the SSFTB
(Figure 2), which are integrated with insights from
recent studies of the stratigraphy, geochronology, and
thermochronology of the Sivas Basin (Darin et al., 2018;
Schleiffarth et al., 2018; Darin, 2019; Legeay et al., 2019a,
2019b).
2. Geologic background
The tectonic evolution of Anatolia fundamentally involved
the progressive assembly and suturing of continental
and oceanic elements during northward subduction and
closure of the Neotethys Ocean since the early Mesozoic
(Şengör and Yılmaz, 1981; Görür et al., 1984; Stampfli
and Borel, 2002; Robertson et al., 2012). In Central
and Eastern Anatolia, the main tectonic elements from
north to south are the Jurassic-Cretaceous Pontides arc,
the Kırşehir block, the Tauride Platform (“AnatolideTaurides” in Figure 1), and the Arabian continent, which
was part of the African plate for much of this time. Each of
these continental blocks are separated by belts of ophiolite
and/or ophiolitic mélange delineating the İzmir-AnkaraErzincan (IAESZ), the Inner Tauride (ITSZ), and the Bitlis
(BSZ) suture zones, respectively (Figure 1) (Okay and
Tüysüz, 1999; Yılmaz and Yılmaz, 2013; Yılmaz et al., 2014;
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Parlak, 2016). Maastrichtian to Paleocene collision of the
Kırşehir and Tauride blocks with the Pontides marked the
closure of the northern Neotethys Ocean and suturing
along the IAESZ and ITSZ (Yılmaz et al., 1997; Okay
and Tüysüz, 1999; Schleiffarth et al., 2018). The timing of
terminal subduction and closure of the southern Neotethys
Ocean along the BSZ is more controversial. Continental
subduction or “soft collision” of Arabia started as early as
the middle Eocene (Hempton, 1987; Ballato et al., 2011;
Rolland, 2017; Darin et al., 2018) and was followed by a
switch to hard collision of thick Arabian crust by the early
to middle Miocene (Okay et al., 2010; Rolland, 2017; Darin
et al., 2018). An important tectonic transition occurred
during the late Miocene involving ~1–2 km of regional
plateau uplift (Cosentino et al., 2012; Meijers et al., 2018a)
and a switch to westward lateral escape of the Anatolia
microplate (e.g., Şengör et al., 1985; Armijo et al., 1999).
The greater Sivas Basin is a ~350-km-long, east-west
elongate basin that spans ~22,000 km2 and straddles the
intersection of both northern Neotethyan suture zones in
Central Anatolia (Figure 1). It is one of largest and most
well-studied sedimentary basins in Anatolia and contains
an important stratigraphic and structural archive of
the development of the Anatolian Orogen (Ketin, 1966;
Kurtman, 1973; Gökten, 1983, 1984, 1986; Aktimur et
al., 1990; Cater et al., 1991; Guezou et al., 1996; Poisson
et al., 1996, 2016; Dirik et al., 1999; Yılmaz and Yılmaz,
2006; Ribes et al., 2015; Kergaravat et al., 2016). Like most
Central Anatolian basins, the stratigraphic record of the
Sivas Basin shows the typical evolution from PaleoceneEocene shallow marine limestones and turbidites to OligoMiocene nonmarine clastic sedimentation (Figure 3) (e.g.,
Kurtman, 1973; Gökten, 1983; Poisson et al., 1996; Legeay
et al., 2018). The vast majority of previous studies have been
focused in the north-central part of the basin around and
south of the towns of Sivas to Zara, where structural and
stratigraphic complexities confounded early investigations
of the basin (Ketin, 1966; Kurtman, 1973; Aktimur et al.,
1990; Cater et al., 1991; Temiz, 1996; Guezou et al., 1996;
Poisson et al., 1996; Yılmaz and Yılmaz, 2006). However,
recent studies in that part of the basin provided important
new interpretations of the structural architecture of the
basin that recognize the profound influence of salt tectonic
processes and the formation of supra-salt basins or “minibasins” (Ribes et al., 2015, 2017; Kergaravat et al., 2016,
2017) that characterize it as a type of “salt-and-thrust” belt
(Legeay et al., 2018, 2019b).
While the evolution of the northern Sivas Basin has
largely been controlled by salt processes related to a thick
accumulation of latest Eocene to early Oligocene evaporites
(Pichat et al., 2018), the southern part of the basin contains
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Figure 2. Generalized geologic (top) and structural (bottom) maps of the southern Sivas fold-thrust belt based on new detailed geologic
mapping from this study (see also Darin, 2019). See Figure 1 for location. At – Aktaş thrust; Bet – Belentarla thrust; Bt – Bozbel thrust;
Gt – Gürlevik thrust; Kt – Kanlıçayır thrust.

much thinner evaporite deposits and forms a classic foldthrust belt, the SSFTB (Kurtman, 1973; Gökten, 1983,
1984; Aktimur et al., 1990; Cater et al., 1991; Poisson et
al., 1996; Dirik et al., 1999; Kergaravat et al., 2016; Darin
et al., 2018; Legeay et al., 2019b). Seismic reflection data
from the northern Sivas Basin and the northern part of
the central SSFTB (Kergaravat et al., 2016; Legeay et al.,
2019b) provide important new insights into the structural
linkages between the SSFTB and the salt-and-thrust belt to
the north. Recent geologic mapping in the central SSFTB
(Legeay et al., 2018, 2019a, 2019b), which overlaps part of
our study area, also illuminates the tectono-sedimentary
evolution of the central Sivas Basin. However, along-strike
variations in the structural architecture and kinematic
evolution of the SSFTB have not been completely and
systematically documented or addressed along the entire
length of the belt.

3. Methods
3.1. Geologic mapping
Structural interpretations herein are based on new detailed
geologic mapping of ~7000 km2 in the SSFTB from 2014 to
2016. Geologic mapping was conducted in the field using
a digital tablet computer equipped with field geographic
information systems (GIS) software (GIS Pro by Garafa
LLC) at typical scales of ~1:10,000 to 1:50,000. A variety
of cached digital base maps were utilized, including highresolution, color-composite satellite imagery provided
by Google Earth Engine (e.g., Landsat 8, DigitalGlobe)
and topographic maps derived from 30-m resolution
digital elevation data by the Shuttle Radar Topography
Mission (SRTM). Field mapping was supplemented with
remote mapping using high resolution, pan-sharpened
multispectral (10-m resolution) and panchromatic (70cm resolution) satellite imagery from DigitalGlobe Inc.,
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Figure 3. Generalized stratigraphic correlation chart for the western and central Sivas Basin showing names of
formations (regular font) and members (italics); modified from Darin et al. (2018) and Darin (2019). Ruled lines indicate
unconformities. The stratigraphy is divided into five distinct, unconformity-bounded tectonostratigraphic (TS) units.
See Figure 2 for approximate locations and Darin (2019) for additional details and unit descriptions. Stratigraphic data
are from this study and the following sources: Gökten, 1983, 1986; Yılmaz et al., 1989; Bilgiç and Terlemez, 2007; Poisson
et al., 2016; Ribes et al., 2015; Kergaravat et al., 2016; Legeay et al., 2018. Oph. – Ophiolitic mélange.

provided by the Polar Geospatial Center at the University
of Minnesota. Geologic map data were adopted from
previously published maps (Atabey and Aktimur, 1997;
Bilgiç, 2008; Legeay et al., 2018) in areas where new field
mapping was incomplete (<10% of study area), primarily
just east and southeast of the village of Ulaş (Figure 2).
3.2. Fault kinematic analysis
Brittle fault kinematic data were collected from minor
fault surfaces typically associated with major structures.
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The fault orientation, type and rake of the kinematic
indicator, shear sense, and confidence in the quality of
the shear sense indicator were measured and determined
for each fault slip datum. Kinematic indicators included
striated grooves (slickenlines), Riedel shears, crystal
growth fibers, smears, and fault steps (Petit, 1987; Doblas,
1998). Kinematic analyses were conducted using the
graphical kinematic method of Marrett and Allmendinger
(1990), which calculates the average orientations of the
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principal contraction (P) and extension (T) axes for each
fault slip datum and converts them into a pseudo-fault
plane solution. Plots for structural and fault kinematic
analyses were generated in FaultKin v. 7.2.9 and Stereonet
v. 9.3 (Marrett and Allmendinger, 1990; Cardozo and
Allmendinger, 2013).
3.3. Cross-section balancing
Balanced cross-sections (e.g., methods of Dahlstrom, 1969;
Woodward et al., 1989) were constructed across the western
and central SSFTB to calculate minimum cumulative
crustal shortening and to evaluate how the style and
magnitude of contractional deformation may vary along
strike of the belt. Cross-section lines are oriented parallel to
the direction of net tectonic transport, which is determined
to be perpendicular to the ENE-WSW and E-W trends of
major regional structures in the western and central SSFTB,
respectively (Figure 2). Cross-sections were constructed
using observations of structural relationships in the
field, bedding and fault attitudes, and lithostratigraphic
constraints (Darin, 2019) in the absence of subsurface
structural data (e.g., seismic, well logs). Fold geometries
were determined from surface constraints (e.g., local dip
data and map patterns) and used to predict the subsurface
geometries of thrust faults, which were presumed to be
parallel to the back-limb of their hanging wall anticlines
(Suppe, 1985; Mitra, 1990). The attitudes of normal faults
were determined from geologic map relations using threepoint problems (e.g., Compton, 1985).
Cross-section balancing requires the assumption of
plane strain, which can be violated if significant lateral
offset has occurred on oblique or strike-slip faults that
intersect the section. In order to validate this assumption,
broken sections (sections A–A’ and B–B’) are used to
estimate shortening across the western Sivas Basin based
on relatively minor (<3 km) left separation that we
document herein along the sinistral reverse Deliler fault.
Significant lateral offset has not been demonstrated along
the Tecer fault or elsewhere in the SSFTB. Therefore, based
on the relatively small amount of documented shear in the
study area, the assumption of plane strain is approximately
valid for all cross-sections presented herein.
All cross-sections were manually balanced using
graphic design software (Adobe Illustrator) so that line
lengths and bed thicknesses are preserved and equal in
both the present (deformed state) and restored (initial
state) sections (e.g., Dahlstrom, 1969; Woodward et al.,
1989). Calculations of cumulative shortening represent
minimum estimates for several reasons. First, the simplest
structural scenario was assumed for each section; hence,
the presence of additional subsurface structures would
increase shortening estimates. Second, penetrative strain
(e.g., layer-parallel shortening) was not accounted for
in the sections because cross-sectional areas are not

necessarily conserved. Finally, the sections were pinned
locally within the deformation belt because there is no
undeformed adjacent foreland in which to pin them; thus,
additional shortening was likely accommodated at or
beyond the ends of each section. The shortening estimate
from the western SSFTB certainly represents a minimum
because: (1) it utilizes the restored length of the 31.9 Ma
Tuff of Akkışla (Darin, 2019) in section B–B’, which does
not account for prior shortening during the late Eocene and
early Oligocene, and (2) summation of strain in sections
A–A’ and B–B’ does not account for shortening across the
Deliler fault itself. True stratigraphic thicknesses are based
on detailed geologic maps of the SSFTB (Darin, 2019),
and stratigraphic data from the western (Darin, 2019) and
central (Legeay et al., 2018) sectors of the Sivas Basin.
4. Structure of the SSFTB
4.1. Geometry, style, and kinematics
4.1.1. Folding
Folds are characteristically noncylindrical with open to
tight interlimb angles (~110–20°) and typical wavelengths
of ~1.5–3 km (Figures 4 and 5). Shorter wavelengths of
~0.4–0.7 km are common in TS-1 strata and locally in
lower TS-2 (Altınyayla Formation), which consist of thinbedded turbidites and interbedded mudstone and thickbedded sandstones, respectively. Fold axes have average
mapped length of ~8 km, although some folds can be traced
continuously for more than 20 km (Figure 2). The average
trend of fold axes changes from ENE (068° azimuth) in the
western SSFTB to ESE (105° azimuth) in the central SSFTB
(Figures 2, 6A, and 6C). Most fold hinges plunge very
gently toward the east in the western SSFTB (Figure 6A),
except on the north side of, and proximal to, the Deliler
fault zone where they plunge consistently toward the west
(Figure 2). Folds in the central SSFTB commonly plunge
gently toward the west (Figure 6A).
Folds are typically upright and relatively symmetric
throughout the western SSFTB, although locally they
are overturned toward the north where TS-1 strata are
tightly folded north of the Deliler fault (Figures 2 and
4C). Eastward along-strike, however, folds become more
asymmetric and overturned and are predominantly north
vergent (Figures 4, 6A, and 6B). This is most evident in
Gürlevikdağ, where overturned limbs and axial surfaces
of meso- and macroscopic folds are consistently inclined
toward the south (Figures 4 and 6B). Several structures
in the central SSFTB and near Elmalıdağ in the western
SSFTB are clearly associated with NW- to N-vergent
reverse faults that cut asymmetric to overturned fold
pairs (Figures 4C, 4F, and 5). This common association of
folding and faulting (Suppe, 1985; Jamison, 1987; Mitra,
1990) and the relatively short wavelengths of folds suggest
that fault-propagation folding is the dominant mechanism
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Figure 4. Field photographs of the SSFTB showing contractional structures involving Late Cretaceous to Eocene (TS-1) strata; see
Figure 2 for locations. Depositional contacts are shown as solid white lines; bedding form lines are shown as dotted white lines. (A)
North-vergent, overturned, mesoscale fold in the Eocene Bozbel Fm. (Teb). (B) Folded Teb in the footwall of the north-vergent Bozbel
thrust and an unnamed south-vergent thrust in the central SSFTB. (C) Tight folding of Eocene strata in the footwall of a NW-vergent
reverse fault in the western SSFTB. (D) Mesoscale overturned fold in Teb showing vergence toward the north. (E) Cretaceous ophiolite
mélange (Ko) thrust northward over folded Paleocene-Eocene strata in Gürlevikdağ, central SSFTB. (F) Tight, north-vergent fault
propagation folds along the Aktaş thrust, central SSFTB. Tes – Sekidede Fm; Teso – Söğütlü Conglomerate; Tpt – Tecer Limestone;
Tpe – Elmalıdağ Fm.
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Figure 5. (Continued on next page) Line-balanced cross-sections across the western and central SSFTB; see Figure 2 for locations. The
red line in each section represents the restored datum used to calculate minimum shortening (e.g., Dahlstrom, 1969). Dip tadpoles
(white circles) are dashed where projected from >2 km along strike. Restored cross-sections north (A–A’) and south (B–B’) of the Deliler
fault indicate a minimum of 13.0 km (29%) of cumulative shortening in the western SSFTB. Restoration of section C–C’ indicates a
minimum of 13.3 km (34%) cumulative shortening in the central SSFTB. See text for discussion.

controlling the style of deformation along the entire SSFTB,
although detachment folding may also be prevalent in the
tightly folded and less faulted western SSFTB (Figure 5).
For example, relatively symmetric and more open folds
are common in Oligocene-Miocene strata (TS-2, -3,
and -4) that overlie variably thick autochthonous (latest

Eocene to earliest Oligocene) and allochthonous evaporite
deposits (Figure 3), and thus are probably associated with
detachment folding (Suppe, 1985; Jamison, 1987).
4.1.2. Faulting
There are three main types of faulting expressed in the
SSFTB: (1) predominantly ENE- to E-striking thrust and
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Figure 5. (Continued).

reverse faults; (2) N-S-striking normal faults; and (3)
~ENE-striking sinistral oblique faults representing the
northeastern branch of the CAFZ (Figures 2 and 6D).
Emergent thrust faults are more prevalent in the central
and eastern SSFTB and show a dominant vergence toward
the north (Figures 4B, 4E, and 4F). However, several thrust
faults in Gürlevikdağ clearly verge toward the south where
they involve primarily Oligocene and Miocene units (TS2, -3, and -4) and cross-cut older, north-vergent structures
(Figure 2).
The main strands of the CAFZ are the ENE-striking
Deliler and Tecer fault zones, which overlap in a leftstepping geometry that has led to the development of a
pull-apart basin north of Altınyayla (Figure 2; Koçyiğit and
Beyhan, 1998). TS-1 strata (Figure 3) north of the Deliler
fault zone are structurally higher than adjacent TS-2 strata
to the south and thus indicate a substantial component of
north-side-up displacement.
Secondary structures are primarily N-S-striking,
steeply dipping, normal faults that link subparallel, ENEstriking sinistral faults such as the Deliler and GemerekŞarkışla faults with other unnamed strands of the CAFZ
to the north and south (Figure 2). The most significant
of these is the Hınzır fault zone, which consists of several
overlapping, east-side-down, normal fault segments
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on the eastern flank of Hınzır Mountain (Koçyiğit and
Beyhan, 1998). Many of the faults north of the Deliler
fault have been interpreted as strike-slip faults; however,
most of them displace folded contacts that show a different
sense of offset on opposing fold limbs, which can only be
explained by dip-slip (or slightly oblique) motion. These
observations suggest that the majority of these ~N-Sstriking structures are high-angle normal faults.
4.1.3. Active deformation
While explicit geomorphic evidence of active faulting
in the southwestern Sivas Basin is sparse, several offset
streams (see Section 4.4) and left-stepping pull-apart
basins (e.g., Tuzla Gölü and Altınyayla subbasins; Koçyiğit
and Beyhan, 1998) attest to relatively recent left-lateral
displacement along the northern CAFZ. Neotectonic
activity is also supported by a paleoseismic study from the
northeastern CAFZ, which found evidence of two surfacerupturing seismic events along the Tecer fault in the past
10 kyr (Akyüz et al., 2012).
Here we present a compilation of instrumental
seismicity data from the Kandilli Observatory and
Earthquake Research Institute (KOERI) that reveals the
spatial distribution and kinematics of active faulting in
the Sivas Basin region (Table; Figure 7). This compilation
consists of instrumental seismicity data from the
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Figure 6. Lower-hemisphere, equal-area stereograms (A & B) and symmetric rose diagrams (C & D) showing structural data from
the SSFTB. Poles to upright (A) and overturned bedding (B), and the trends of fold axial traces measured from the map (see Figure 2)
indicate average fold axes (B-axes) oriented ENE-WSW and ESE-WNW in the western and central SSFTB, respectively. Note that in the
central SSFTB, the majority of poles to upright (A) and especially overturned bedding (B) plot in the northern hemisphere, indicating
that fold axial surfaces are inclined toward the south and that vergence is predominantly toward the north. (D) Map-based estimates of
the strike of major normal and thrust faults in the SSFTB.

KOERI catalog (Kalafat et al., 2009; Kalafat, 2018) and
is supplemented by data acquired by the Continental
Dynamics – Central Anatolia Tectonics (CD-CAT)
seismic array (2013 to 2015; Sandvol, 2013; Abgarmi et al.,
2017; Portner et al., 2018), which overlaps part of the study

area (Figure 7). Low magnitude seismic events (M1–M3)
are distributed across the entire Sivas Basin, while larger
magnitude events (M4–M5) are concentrated along active,
left-lateral segments of the northeastern CAFZ (i.e. Tatılı,
Deliler, and Tecer fault segments) and the Malatya-Ovacık
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Figure 7. Instrumental seismicity recorded in the Sivas Basin region between 1912 and 2018 from the Kandilli Observatory (KOERI)
catalog (Kalafat et al., 2009; Kalafat, 2018). GPS-derived velocities (black arrows) are shown relative to a fixed-Eurasia reference frame
(after Aktuğ et al., 2013). Seismic activity is concentrated along the northeastern segment of the Central Anatolian (Tatılı, Deliler, Tecer
faults) and Malatya-Ovacık fault zones. Focal mechanisms suggest predominantly strike-slip kinematics across the region, presumably
associated with left-lateral slip along NE- and E-striking faults. GŞf – Gemerek-Şarkışla fault.

fault zone (MOFZ). Localized seismicity along the Tatılı
segment becomes more diffuse along-strike toward the
northeast where it becomes distributed across a 40-kmwide zone between the Deliler-Tecer fault system and the
inferred location of the Inner Tauride suture zone (Figure
7). Diffuse and higher frequency seismicity north and east
of Divriği is not associated with mapped active faults. This
seismicity is therefore probably related to complex faulting
at the intersection of the northeastern CAFZ, MOFZ,
and possibly the dextral Northern Anatolian fault zone,
the latter of which is located only ~20 km northeast from
the corner of Figure 7 (see Figure 1). The larger M4–5
earthquakes in our eastern study area are co-linear with
the projection of the Tecer fault, and they may indicate
propagation of this fault system toward the east at depth.
Focal mechanisms based on moment tensor
summations of some of the largest magnitude events
in the Sivas Basin indicate predominantly strike-slip

deformation across the study area (Figure 7). Most focal
mechanisms are consistent with left-lateral displacement
on NE- to E-striking faults, especially near the Tatılı and
Deliler segments and along the MOFZ. Several events
in the eastern SSFTB that display disparate strike-slip
kinematics also have estimated hypocenters located in the
middle to lower crust (~20–38 km depth), and thus may
be spurious.
4.2. Fault kinematic analysis
Fault kinematic data collected from 16 different stations
are organized into five groups based on their proximity to
major structures (Figure 8). Analyses of these data reveal
the local orientations of the principal finite strain axes along
major structures, which are interpreted from pseudo-fault
plane solutions for each station (Figures 8 and 9). These
analyses focus on the kinematics of strain rather than
potential variations through time, the latter being difficult
to assess due to sparse constraints on the precise timing
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Figure 8. Lower-hemisphere, equal-area stereograms of fault kinematic data from the SSFTB grouped by region. Left plots show fault
planes (great circles) and hanging-wall slip vectors (small arrows). Center plots show Kamb contours (2σ contour interval, 3σ significance)
of principal axes of contraction (P-axes; blue) and extension (T-axes; red). Right plots are pseudo-fault plane solutions indicating the
orientations of maximum instantaneous horizontal contraction (P-axis; black arrows) and extension (T-axis; white arrows), assuming
all faults were coeval. Substantial overlap of individual P- and T-axes in groups D and E imply heterogeneous kinematics that probably
reflect time-averaged (cumulative) rather than instantaneous strain; their pseudo-fault plane solutions should thus be interpreted with
caution.
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Figure 9. Structural maps showing the locations of fault kinematic data from 16 stations (colored dots) in the western (A) and central
(B) SSFTB; see Darin (2019) for individual station data. Pseudo-fault plane solutions (”beach balls”) show the principal instantaneous
horizontal strain axes at each station (white arrows = extension; black arrows = contraction), assuming coeval and homogeneous strain
conditions. Fault plane solutions for stations with heterogeneous kinematic data are shown as gray and should be interpreted with
caution as they probably reflect polyphase or cumulative (rather than instantaneous) strain.

of faulting. Paleomagnetic data reveal common verticalaxis rotations of approximately 30° counter-clockwise
across the study area, although individual sites show
substantial variability, including local clockwise rotations
(Gürsoy et al., 1997, 2011; Platzman et al., 1998; Gürer et
al., 2018). Because of the uncertainty in whether rotations
reflect regional versus local block rotations, we do not
incorporate paleomagnetic rotations in our kinematic
analyses; however, we recognize that a small amount of
mostly clockwise restoration (due to counter-clockwise
rotation) may be applied to these data.
Kinematic data along the Deliler fault zone (stations D1–
D5) are notably heterogeneous both within and between
stations (Figure 9). This is reflected in the dispersion and
unexpected overlap of individual P- and T-axes, as well as
the variable kinematics suggested by the pseudo-fault plane
solutions for each station (Figure 8). These heterogeneities
in the fault kinematic data are probably related to: (1) the
generally low confidence of shear sense indicators, which
were primarily collected in olistostromal and serpentinitic
mélange facies, and/or (2) a complex and prolonged

deformation history involving variable kinematics within
the fault zone. These data are therefore likely to reflect
heterogeneous finite strain accumulation during more than
one phase of deformation; hence, the pseudo-fault plane
solutions should be interpreted with caution. Data from
the nearby Elmalıdağ area (stations E1–E2) suggest either
sinistral slip on N-striking faults or dextral slip on ENEstriking faults in the area (Figure 9).
Fault kinematic data from the Hınzır fault (stations
H1–H2) and various minor, ~N-striking faults within the
Oligocene Altınyayla Formation (stations O1–O3) are
kinematically consistent based on the relative precision
and clear separation between P- and T-axes (Figure 8).
Kinematic analyses along the Hınzır fault indicate NEto ENE-directed, orthogonal extension (Figure 9). Single
kinematic indicators measured at stations O2 and O3 also
indicate NE- to ENE-directed extension, although their
shallow rakes (<30°) indicate a substantial component of
oblique slip on these relatively minor structures (Figure 8).
Lastly, data from the central SSFTB (stations G1–G3)
display variable kinematics between stations (Figure 8).
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Station G1 shows NE-directed, orthogonal extension
similar to the western SSFTB. However, sparse data (n = 3)
from stations G2 and G3 appear to suggest transpression
and transtension, respectively, with principal extension
axes oriented NNW-SSE (Figure 9).
4.3. Cumulative shortening in the SSFTB
Balanced cross-sections across the western and central
SSFTB reveal minimum estimates for cumulative
horizontal shortening across the belt. In the western
SSFTB, restoration of the base of the Hasantepe Member
of the Konakyazı Formation indicates a minimum of 33%
(9.3 km) shortening north of the Deliler fault since the
early Eocene (Figure 5, A–A’). South of the Deliler fault, the
~31.9 Ma Tuff of Akkışla serves as a crucial stratigraphic
and structural marker bed in the Altınyayla Formation
(Darin, 2019). Restoration of this datum indicates a
minimum of ~21% (3.3 km) shortening south of the
Deliler fault since the early Oligocene (Figure 5, B–B’).
Combining the shortening estimates along lines A–A’ and
B–B’ suggests a minimum of 29% (13.0 km) shortening
across the western SSFTB since the early Eocene (Figure
5). In the central SSFTB, restoration of the Tecer Limestone
indicates a minimum of 34% (13.3 km) shortening along
this segment of the belt since the Paleocene (Figure
5, C–C’). These results suggest that the magnitude of
shortening increases by at least ~5% eastward along the
SSFTB, which is consistent with the observed change in
structural style from open and tight folds in the west to
tight and overturned folds and emergent thrust faults in
the east (Figure 2).
4.4. Displacement magnitude
4.4.1. Deliler-Tecer fault system
Cumulative slip on the Deliler-Tecer fault system is
difficult to estimate due to the scarcity of offset geologic
and geomorphic markers. Several offset stream channels
represent the most compelling strain markers along the
fault zone. Channels are consistently deflected toward
the left and indicate left-lateral separation of ~1.7–2.4
km along the fault zone (Figure 10A) of an unknown age.
These estimates are exclusive to the eastern end of the
Deliler fault segment. Conclusive geomorphic markers
were not observed along the Tecer fault.
Previous studies have interpreted several kilometers
of oblique to left-lateral (Yılmaz et al, 1989; Yılmaz
and Yılmaz, 2006) and left-lateral displacement on
hypothetical parallel segments of the Deliler-Tecer fault
system (e.g., ‘Samankaya fault’ of Koçyiğit and Beyhan,
1998). However, detailed structural mapping suggests
that the Deliler-Tecer fault system is the only major leftlateral structure in this part of the study area, negating
the existence of hypothetical parallel fault strands farther
south. Reconnaissance study and seismicity suggest that
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faults mapped from the towns of Sivas and Şarkışla and
farther southwest may be active (Figure 7).
4.4.2. Hınzır fault
Total slip on the east-dipping Hınzır fault is estimated using
the offset 31.9 Ma Tuff of Akkışla, which is exposed in the
footwall near Yeniköy village (Figure 10B). Although the
tuff is not exposed in the hanging wall block, its depth in the
subsurface is determined by extrapolating downward from
the ~30.4 Ma base of the Yeniköy magnetostratigraphic
section (Krijgsman et al., 1996), which starts in the
immediate hanging wall of the Hınzır fault (Darin, 2019).
Assuming a constant sedimentation rate of ~308 m/Myr
from the base of the Yeniköy section (see Darin, 2019,
their Figure 5.7), the tuff projects to a depth of ~925 m in
the hanging wall near the fault (Figure 10B). Considering
this, along with fault kinematic data that suggest the fault
dips east ~55° (Figure 8), total normal slip near the north
end of the Hınzır fault is estimated as ~940 m (Figure
10B). This is consistent with a minimum slip estimate of
~1050 m farther south near the center of the Hınzır fault
based on the topographic relief of pre-Cenozoic Tauride
basement in its footwall.
5. Discussion
5.1. Timing of deformation
5.1.1. Contraction
A prominent basin-wide angular unconformity between
the marine Bozbel Formation (TS-1) and nonmarine
Altınyayla Formation (TS-2) signals the initiation of
widespread contraction and growth of the SSFTB during
late Eocene time (Gökten, 1983; Poisson et al., 1996; Dirik
et al., 1999; Kergaravat et al., 2016; Darin, 2019). Initial
exhumation during the late Eocene is also supported by
low-temperature detrital thermochronologic data from
TS-1 strata, which indicate rapid cooling and tectonic
exhumation at ~40–34 Ma (Darin et al., 2018). Folding
and thrust faulting affect all tectonostratigraphic units in
the SSFTB except for flat-lying latest Miocene to Pliocene
strata of TS-5, suggesting that contraction ended by ~8–7
Ma. In the central SSFTB, the south-vergent Kanlıçayır
thrust fault and “passive roof detachment” (Kergaravat
et al., 2016; Legeay et al., 2019b) cross-cut and postdate
several north-vergent thrust faults (e.g., Aktaş, Bozbel,
Gürlevik), as well as strata as young as TS-4 (i.e. as young
as ~14–12 Ma; Darin, 2019) (Figure 2). These observations
suggest that most south-vergent thrust faults were active as
late as the middle to late Miocene, and that the dominant
polarity of thrusting switched from north- to southvergent during the Oligocene(?) or Miocene.
A structural analysis of bedding attitudes (n = 872)
differentiated by stratigraphic age provides insights into
how contractional strain was distributed through time in
the SSFTB (Figure 11). Bedding attitudes collected from
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Figure 10. Estimates of total displacement along major structures
in the western SSFTB; see Figure 7 for map locations. (A)
Shaded relief map showing instrumental seismicity and offset
geomorphic markers along the Deliler fault. Deflected drainages
(blue lines) suggest at least ~1.7 to 2.4 km of left separation along
the Deliler fault. (B) Geologic map and cross-section D–D’ near
Yeniköy village. Total slip on the Hınzır fault estimated to be
~940 m based on the apparent offset of the projected 31.9 Ma
Tuff of Akkışla (white line with x’s) in the subsurface. See text
for discussion.

within ~200 m of mapped fault zones are excluded from
these analyses (n = 119) because they likely reflect local
deformation rather than the large-scale fold geometries
and regional-scale tilting associated with folding. Both
mean bedding dip and its variance (±1σ) decrease upsection from 48° ± 26° in TS-1 (Maastrichtian to Eocene) to
31° ± 16° in TS-4 (middle Miocene) (Figure 11). Likewise,
the proportions of overturned (≥90°), steep (60–89°),
and moderate (30–59°) dips each diminish up-section:
44% of bedding attitudes in TS-1 strata dip greater than

45°, compared with 32% in TS-2 and only 13% in TS-3
and TS-4 strata (Figure 11). Hence, these data indicate
that cumulative strain diminishes up-section and suggest
progressive contractional deformation in the SSFTB since
the late Eocene.
Meso- and macroscale evidence of syndepositional
deformation (e.g., growth faults, intraformational or
progressive unconformities, stratal wedging) in the study
area is limited and indistinct. Subtle erosional surfaces
that cut bedding at a low angle (<5–10°) were rarely
observed in TS-2 and TS-4. Therefore, contraction within
the Sivas Basin was probably episodic and primarily
occurred during the depositional hiatuses separating
each tectonostratigraphic unit in the late Eocene, late
Oligocene, late-early Miocene (Burdigalian), and late
Miocene (Figure 3) (Darin, 2019). The similar mean dips
and variance between TS-3 and TS-4 strata imply less
significant contraction and tilting during the late-early
Miocene.
5.1.2. Extension and strike-slip faulting
The timing of dip-slip motion is not well constrained,
but it should at least partly postdate deposition of TS-2
(Oligocene) strata and predate deposition of TS-5 (latest
Miocene-Pliocene) strata because the latter is not displaced
vertically where it overlaps the fault zone southwest of
Ulaş (Figure 2). The east-dipping Hınzır fault and similarly
oriented N-S-striking normal faults cut TS units 1–4 and
do not contain obvious large-scale growth strata or stratal
wedges in their hanging walls. Therefore, normal faulting
probably initiated after the middle Miocene. However,
rare and isolated evidence of minor (<2 m offset) growth
faults with normal separation are observed in fluvial strata
of the Altınyayla Formation (TS-2). These faults are only
observed in strata immediately overlying a ~300-m-thick
gypsum interval (“Küçüktuzhisar Member” of Darin,
2019), and thus probably reflect local deformation
associated with mobilization of the underlying salt.
Geodetic studies and instrumental seismicity (Figure 7
and Table) suggest that the northern segment of the CAFZ
accommodates a small amount of strain in the western
Sivas Basin (Reilinger et al., 2006; Aktuğ et al., 2013). Mesci
et al. (2008) used fissure-ridge travertines located west of
the town of Sivas to calculate neotectonic strain rates along
the northernmost strands of the CAFZ in the northern
Sivas Basin. There, the integration of U/Th series age
data with fissure width indicates a low NE-SW extension
rate of only 0.06 mm/year associated with active NW-SE
contraction in the basin, and a regular M7+ earthquake
recurrence interval of ~56,000 years (Mesci et al., 2008).
In the central SSFTB, Akyüz et al. (2012) used the mapped
length of the Tecer fault (~45 km) and paleoseismic
evidence of two surface-rupturing earthquake events in
the last 10 kyr to infer a slip rate of up to 1 mm/year for
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Figure 11. Vertically oriented rose diagrams showing bedding dip data from the western and central SSFTB differentiated by stratigraphic
age. Bedding attitudes located within 200 m of fault zones are excluded from these analyses as they likely reflect local rather than
regional deformation and fold geometries. Note that both mean bedding dip, variance (±1σ), and the prevalence of steep to overturned
bedding all diminish steadily up-section. Collectively, these data suggest progressive folding and strain accumulation from the late
Eocene to late Miocene in the SSFTB. Uncommon steep dips in middle Miocene strata reflect enhanced tilting proximal to late Miocene
thrust faults in the central SSFTB.

this structure. This estimate is consistent with a left-lateral
slip rate of 1.0 ± 0.1 mm/year determined by the residuals
from block modeling of geodetic data (Aktuğ et al., 2013).
Assuming a constant strain rate and using our estimate of
up to ~2.4 km of left-lateral slip on the Deliler segment
based on offset stream channels (Figure 10A) suggests the
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strike-slip deformation has been active since at least the
early Pleistocene (2.4 Ma), and perhaps earlier if the strain
rate was or is substantially less than 1 mm/year.
The timing of initial strike-slip faulting is more difficult
to constrain. Nevertheless, the observation that strikeslip faults cross-cut late Eocene to middle Miocene strata
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and contractional structures suggests that they largely
postdate contraction and thus formed after the TS4–TS5
unconformity, or after ~7–6 Ma (Figure 3).
5.2. Spatial and temporal patterns of deformation
5.2.1. Contraction (collision phase)
The structural analyses presented herein reveal significant
along-strike and temporal variations in the magnitude,
style, and kinematics of contraction in the western and
central SSFTB. First, line-length balanced cross-sections
indicate that the magnitude of shortening increases
eastward from at least 29% in the western SSFTB to 34% in
the central SSFTB (Figure 5), and to at least 48% across the
eastern SSFTB based on a tentative balanced cross-section
there (Temiz et al., 1993). These values are consistent
with seismically constrained, balanced cross-sections
spanning the northern Sivas Basin and central segment
of the SSFTB that reveal an eastward increase from 15
to 25 km of minimum total shortening (Legeay et al.,
2019b). Second, the SSFTB exhibits a progressive change
in deformation style from a fold belt in the west to a foldand-thrust belt along the central segment (Figure 2), and
finally a thrust belt in the easternmost part of the belt near
Erzincan (Temiz et al., 1993; Temiz, 1996; Rice et al., 2006,
2009). Lastly, the geometry and kinematics of folding and
thrusting vary systematically from relatively symmetric
folds with a subtle northward asymmetry and vergence in
the western SSFTB to predominantly northward vergence
in the central SSFTB and an increasing involvement of
south-vergent back-thrusts and over-thrusts in the central
and eastern SSFTB (Figure 2; Temiz, 1996; Rice et al.,
2009). Essentially, the eastward increase in the magnitude
of shortening along the SSFTB (this study; Temiz et al.,
1993; Temiz, 1996; Legeay et al., 2019b) is consistent with
the progressive transition from fold-related shortening in
the west to thrust-related shortening in the east, as well
as the eastward transition from north- to south-vergent
kinematics along the belt.
There is also a notable change in the orientations of
folds and thrust faults along-strike, from primarily NE- to
ENE-trending in the west to primarily E- to ESE-trending
in the east (Figures 2 and 6). This ~40–50° change is
similar to at least ~30° of counter-clockwise vertical-axis
rotations recorded at the majority of sites across the SSFTB
(Gürsoy et al., 1997, 2011; Platzman et al., 1998; Gürer et
al., 2018). Although most workers have interpreted these
data to reflect coherent, rigid-body rotation of Central
Anatolia (Tatar et al., 1996; Gürsoy et al., 1997; Platzman
et al., 1998; Gürer et al., 2018), regional syntheses of
paleomagnetic data (e.g., Gürsoy et al., 2011) and densely
spaced (30–50-km spacing) GPS surveys (Aktuğ et al.,
2013) reveal compelling evidence of differential block
rotations and internal deformation within the Anatolian
plate. Nevertheless, while the mechanism of large-scale

rotation of the Taurides may partly explain the eastward
increasing strain gradient documented in the SSFTB, it
is clear that there is no simple relationship between the
paleomagnetic data and the along-strike change in the
geometry of the belt.
There are also several interesting trends in the
spatiotemporal pattern of deformation in the SSFTB.
Although rapid exhumation and inversion of the Sivas
Basin started during the late Eocene (Darin et al., 2018),
a discrete phase of earlier contraction during the late
Paleocene has been suggested based on a slight angular
discordance between the Maastrichtian-Paleocene Tecer
Limestone and Eocene Söğütlü Conglomerate (Figure
4F; Kurtman, 1973). The lack of direct evidence of coeval
contraction in the western or eastern SSFTB (Rice et
al., 2009) makes this hypothetical phase of Paleocene
contraction enigmatic. A maximum depositional age of
43.6 ± 0.2 Ma for the overlying Söğütlü Conglomerate
(Darin et al., 2018) indicates that the unconformity reflects
erosion or nondeposition from the late Paleocene to middle
Eocene. Hence, this local angular unconformity developed
as a result of contraction and erosional exhumation due to
either (1) terminal suturing and south-vergent contraction
along the İzmir-Ankara-Erzincan suture zone during the
Paleocene, or (2) incipient growth of the SSFTB during the
middle (or late) Eocene.
Cross-cutting relationships in the central SSFTB
suggest that south-vergent thrusting postdates northvergent thrusting (Figure 2). Detrital apatite fission track
and (U-Th)/He thermochronology data from the hanging
wall of a south-vergent thrust fault west of Zoğallı reveal
a two-stage cooling history during the late Eocene and
subsequently during the middle Miocene (sample CAT1528; Darin et al., 2018). The location of this sample in the
hanging wall of a south-vergent thrust fault provides
direct support for south-vergent thrusting during the
middle Miocene. Furthermore, its location in the northvergent imbricate wedge or “triangle zone” of the SSFTB
(Kergaravat et al., 2016; Legeay et al., 2019b) provides
indirect support of a switch from north- to south-directed
thrusting during the Miocene.
5.2.2. Strike-slip (escape phase)
The overall strain regime in the study area during the
ongoing escape phase is complex. Sparse and low magnitude
seismicity suggests that the northeastern segment of the
CAFZ accommodates only a small amount of strain in the
western Sivas Basin (Figure 7). This is supported by highresolution GPS data from Central Anatolia revealing very
low strain rates of less than ~10 nanostrain/year in the
western and central SSFTB (Aktuğ et al., 2013). Despite
the low magnitude and rate of intraplate deformation,
the inception of strike-slip and normal faulting signals
an important change in the regional tectonic setting of
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Anatolia whose timing and kinematics are not completely
understood.
New geologic mapping reveals that the ~N-S-striking
faults located between the sinistral Gemerek-Şarkışla
and Deliler faults are characteristically normal faults,
and that both strike-slip and normal faulting largely
postdate contraction, which ended by the latest Miocene.
The spatial arrangement of strike-slip and normal faults
and their cross-cutting relations with SSFTB structures
strongly suggest that they are generally part of the same
fault system; the details regarding their relative timing
and kinematics, however, are less certain. A substantial
component of north-side-up displacement on the
Deliler fault and south-side-up displacement along the
Gemerek-Şarkışla fault are consistent with a component of
transpression and the development of this central block as a
positive flower structure (Sanderson and Marchini, 1984).
Furthermore, for a sinistral shear zone with master faults
striking ~070°, as in the western SSFTB, secondary normal
faults within the shear zone are predicted to initiate with
a strike of ~005° under transpression, ~020° under pure
strike-slip, and ~035° under transtension (Sanderson and
Marchini, 1984). The mean strike of 359° for normal faults
in the western SSFTB (Figure 6D) therefore suggests that
they may be kinematically compatible with a component
of transpression along the northeastern CAFZ (Figure 12).
It is unclear, however, whether the N-S-striking normal
faults reflect the initiation of new faults during wrenching,
or the inheritance and reactivation of preexisting minor
faults and fractures perpendicular to folds that may
have formed during the preceding collisional phase in
the SSFTB. There is a conspicuous absence of related
secondary contractional and strike-slip faults (e.g., Riedel
shears) within the fault zone (Sanderson and Marchini,
1984). Normal faults may thus be exploiting preexisting
weaknesses, in which case their orientations may reflect
structural inheritance rather than recent transpression.
Therefore, the preponderance of normal faults and
lack of similar secondary contractional and strike-slip
structures may reflect a component of transtension along
the CAFZ. Focal mechanisms from historical earthquakes
in the western Sivas Basin show predominantly NE- to
E-striking nodal planes (events 1, 2, 8, 12, and 20) and
suggest strike-slip or minor transtensional kinematics
(Figure 7). Likewise, fault kinematic data from the Hınzır
fault indicate E- to ENE-directed extension (Figures 8 and
9). Importantly, paleoseismic and geologic data (Akyüz et
al., 2012; Higgins et al., 2015) and rigid-block modeling
of geodetic data (Aktuğ et al., 2013) consistently reveal
left-lateral and ~E-W extensional strain rates of up to 1
mm/year and 1–2 mm/year, respectively, along the entire
CAFZ, including the western Sivas Basin. Lastly, regional
geodetic analyses show westward increasing velocities and
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overall E-W extension across Central Anatolia (Reilinger
et al., 2006; Tatar et al., 2012; Aktuğ et al., 2013; England
et al., 2016).
Paleomagnetic data across the SSFTB reveal differential
vertical-axis rotations of fault-bounded blocks that also
support relatively recent distributed shear in the Sivas
Basin (Gürsoy et al., 1997, 2011; Platzman et al., 1998;
Gürer et al., 2018). Gürer et al. (2018) estimated net
counter-clockwise rotations of up to ~56° in rocks as young
as the middle Miocene, as well as up to ~50° of counterclockwise rotation after folding. Critically, these results
imply that most, if not all, rotation must have occurred
after the middle Miocene. Moreover, tectonic rotation
likely occurred entirely after the late Miocene and during
the escape period, as suggested by similar magnitude
rotations recorded in basalt flows within TS-4 and TS-5
near Kumarlı village (Figure 2; Gürsoy et al., 1997;
Platzman et al., 1998), which have whole-rock 40Ar/39Ar
ages of ~16–5 Ma (Meijers et al., 2018b; Darin, 2019; Reid
et al., 2019). Despite the clear paleomagnetic evidence of
vertical-axis block rotations in the study area (e.g., Gürsoy
et al., 1997; Gürer et al., 2018), their potential influence on
the present orientations of secondary structures (Figure
12) can be disregarded because such rotations would have
had a presumably similar effect on both the bounding
primary strike-slip faults and the internal secondary
structures.
In summary, new structural mapping, seismotectonic,
and fault kinematic data combined with published GPS
and paleoseismic studies support characterization of the
northeastern CAFZ as an active, left-lateral strike-slip
fault zone with a relatively low slip rate of no more than
~1 mm/year. Shear is distributed among a series of leftstepping sinistral fault zones and kinematically linked,
north-striking normal faults that accommodate E- to
ENE-directed extension or slight transtension across the
western Sivas Basin (Figures 6D and 8). We suggest that
the orientations of secondary normal faults likely reflect
structural inheritance from earlier contraction rather than
a significant component of transpression.
5.3. Structural evolution of the SSFTB
The structural analyses presented here, as well as recent
complementary studies, allow us to draw the following
conclusions about the structural evolution of the SSFTB
and greater Sivas Basin.
5.3.1. Late Cretaceous to Paleocene (~75–56 Ma)
Prior to the Cenozoic development of the Sivas Basin,
the northern branch of the Neotethys Ocean subducted
northward beneath the Pontide arc (Okay and Şahintürk,
1997; Yılmaz et al., 1997; Rice et al., 2006). MaastrichtianPaleocene collision of the Kırşehir Block (KB) and
the northeastern margin of the Tauride block with the
Pontides arc drove south-vergent contraction along the
northern margin of the nascent Sivas Basin (Poisson et
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Figure 12. Simplified sketch showing the average orientations of CAFZ structures in the western SSFTB (left; see Figure 6)
and the predicted orientations of secondary structures in a left transpressional shear zone (right; redrafted after Sanderson
and Marchini, 1984), assuming a homogeneous crust with no preexisting weaknesses prior to deformation. While the similar
orientations of observed and predicted secondary structures seem to imply a component of transpression along this segment
of the CAFZ, they may have alternatively been controlled by inheritance and reactivation of preexisting structures related to
earlier contraction in the SSFTB. See text for discussion. Abbreviations: C – Contraction; E – Extension; F – Fold axes; N –
Normal faults; P – P-shears; R – Synthetic Riedel shears; R’ – Antithetic Riedel shears; T – Thrust faults; V – Veins.

al., 1996; Temiz, 1996; Rice et al., 2006, 2009), which was
in a foreland position relative to the Pontides (Figure 13A).
Oblique and partial collision of the Taurides near Erzincan
probably resulted in incomplete closure of the northern
Neotethys Ocean along the İzmir-Ankara-Erzincan suture
zone (Darin, 2019), as well as an along-strike variation
in the tectonic setting of the nascent Sivas Basin from a
remnant ocean in the west to a collisional foredeep in the
east (Figure 13A). The Sivas Basin thus initiated as a synto postcollisional superimposed or “suture basin” (e.g.,
Cherven, 1986; Ingersoll et al., 2003) at the intersection of
the Pontides, Taurides, and Kırşehir blocks.
5.3.2. Middle Eocene to Oligocene (45–25 Ma)
Structural, thermochronologic, and stratigraphic evidence
of a regional middle Eocene unconformity suggests that
crustal thickening and exhumation initiated as early as
~50–45 Ma and certainly by ca. 40–35 Ma in the eastern
Tauride block (Hempton, 1985, 1987; Yılmaz, 1993;
Kaymakci et al., 2010; Rolland et al., 2012; Robertson et al.,
2013; Yılmaz and Yılmaz, 2019). Published geologic maps
suggest that contractional structures in the eastern Taurides
are predominantly south-dipping, north-vergent thrust and
reverse faults (Yılmaz et al., 1991, 1994; Atabey et al., 1997).
By the late Eocene, the eastern Tauride thrust belt propagated
northward into the Sivas Basin to form the north-vergent
SSFTB, which structurally partitioned the basin into a
southern wedge-top and a northern evaporitic foreland

basin (Figure 13B). Folding of all pre-late Miocene strata,
diminishing cumulative strain up-section (Figure 11), and
the occurrence of synchronous basin-wide unconformities
(Figure 3) suggest that contraction in the SSFTB occurred
in discrete episodes during the late Eocene, late Oligocene,
late-early Miocene, and late Miocene (Kurtman, 1973;
Poisson et al., 1996; Temiz, 1996; Rice et al., 2009; Kaymakci
et al., 2010; Kergaravat et al., 2016; Darin, 2019; Legeay et
al., 2019b). Thicker evaporite deposits in the northern
Sivas Basin decoupled contractional strain between the
underlying Paleocene-Eocene marine strata (TS-1) and
overlying Oligo-Miocene red beds (TS-2, -3, and -4) and led
to the development of a south-vergent passive roof thrust
above the north-verging triangle zone at the leading edge
of the SSFTB (Kergaravat et al., 2016; Legeay et al., 2019b).
One possible explanation for the eastward increasing
strain gradient along the SSFTB is that the eastern SSFTB was
subject to greater collisional shortening due to its position
directly ahead of the Arabia indenter (Figure 1). In other
words, Arabia-Eurasia relative convergence at the longitude
of the eastern SSFTB was accommodated by collision and
upper crustal shortening rather than subduction farther
west and outside the direct influence of the indenter.
5.3.3. Middle Miocene to Recent (post-15 Ma)
South-vergent thrust faults involving middle-late Miocene
strata along the southern and northern boundaries of
the Sivas Basin (Figure 2; Cater et al., 1991; Poisson et
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Figure 13. Schematic structural evolution of the Sivas Basin and SSFTB. (A) Collision of the Kırşehir Block (KB) and Taurides with the Pontides resulted
in incomplete closure of the northern Neotethys Ocean (gray) along the İzmir-Ankara-Erzincan suture zone (IAESZ) and south-vergent thrusting along
the northern margin of the nascent Sivas Basin (stipple). (B) Middle to late Eocene thrusting in the Eastern Tauride thrust belt propagated northward
into the Sivas Basin to form the southern Sivas fold-thrust belt (SSFTB; red lines), which structurally partitioned the basin into northern and southern
subbasins. (C) Middle to late Miocene reactivation of the IAESZ drove south-vergent thrusting in the central and eastern SSFTB. By the latest Miocene,
contractional structures (black and red) were overprinted by strike-slip and normal faults (blue) of the Central Anatolian fault zone (CAFZ), which
accommodated relatively minor sinistral transpression related to latest Miocene-Pliocene tectonic escape of the Anatolian microplate. MOFZ - MalatyaOvacık fault zone; NAFZ - Northern Anatolian fault zone.
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al., 2016), in the central SSFTB (Guezou et al., 1996;
Temiz, 1996; Kergaravat et al., 2016; Legeay et al.,
2019b), and the eastern SSFTB (Temiz, 1996; Rice et al.,
2009) signal a significant change from north-vergent
to predominantly south-vergent kinematics during
the middle to late Miocene (Figure 13C). The reason
for this change is not well understood. A speculative
possibility is that the switch was driven by a regional
transition from soft to hard Arabian collision, in which
the arrival of thick Arabian crust at the collision zone
triggered the reactivation of inherited structures like
the north-dipping IAESZ (Darin et al., 2018). Middle
to late Miocene reactivation of this suture zone would
have generated south-vergent thrusting, particularly in
the more proximal eastern SSFTB (Figure 13C).
A basin-wide angular unconformity beneath flatlying TS-5 strata (Figure 3; Aktimur et al., 1990; Guezou
et al., 1996; Temiz, 1996) demonstrates that collisionrelated shortening in the Sivas Basin had ended by the
latest Miocene-Pliocene. Magnetostratigraphic and
geochronological data reveal that flat-lying TS-5 strata
near the village of Kumarlı were deposited at ca. 7–5
Ma (Figure 2; Meijers et al., 2018b), suggesting that
contraction had ended by this time. Contractional
structures are cross-cut and overprinted by strike-slip
and normal faults of the northeastern CAFZ (Figure
13C; Koçyiğit and Beyhan, 1998). Reverse slip on the
sinistral Deliler fault and high-angle, N-S-striking
normal faults (e.g., Hınzır fault) in the western SSFTB
are kinematically consistent with sinistral strike-slip
and perhaps a minor transpressional component along
the northeastern CAFZ (Sanderson and Marchini,
1984). Minor ~east-west extension was therefore coeval
with left-lateral faulting, and the NE-striking sinistral
and N-S-striking normal faults are kinematically linked
and distribute minor sinistral strike-slip deformation
northward across left-stepping segments of the
northeastern CAFZ (Figure 13C). This latest Miocene
to Pliocene transition from shortening to strike-slip
faulting is coincident with the earliest documented
activity on the Northern Anatolian fault zone and a
regional transition from collision to tectonic escape
in Anatolia (Armijo et al., 1999; Şengör et al, 2005;
Hubert-Ferrari et al., 2009; Kaymakci et al., 2010).
6. Conclusions
New detailed geologic mapping, structural analyses,
and seismotectonic data reveal the geometry, style,
kinematics, magnitude, and timing of deformation
along the SSFTB in Central Anatolia. The ~300-kmlong SSFTB initiated as a north-vergent contractional
belt during the late Eocene due to the northward
propagation of the eastern Tauride thrust belt to the

south. Line-length balanced cross-sections indicate
minimum shortening increases eastward from 29%
in the western SSFTB to 34% in the central SSFTB
and up to 48% in the easternmost SSFTB (Temiz et
al., 1993). Fold asymmetry also increases from west
to east in the SSFTB, along with progressive changes
from fold-related to thrust-related shortening, and
the prevalence of north- vs. south-vergent thrusting.
Contraction within the SSFTB occurred during several
discrete phases, primarily during the late Eocene, late
Oligocene, and late Miocene. South-vergent backthrust faults and overthrusts cross-cut north-vergent
structures in the central SSFTB and suggest a transition
from north- to predominantly south-vergent thrust belt
kinematics during the Miocene. A basin-wide angular
unconformity below flat-lying latest Miocene strata
indicates that contraction in the SSFTB ended by ca.
7–6 Ma.
The latest Miocene to early Pliocene marks a
fundamental tectonic transition from collision-related
strain to intraplate strike-slip faulting related to incipient
tectonic escape in Central Anatolia. Fault kinematic
data along the Deliler fault suggest heterogeneous strain
accumulation related to polyphase deformation and
unclear kinematics, while the kinematics of the N-Sstriking Hınzır fault suggest relatively orthogonal, ENEWSW extension parallel to major left-lateral structures.
Offset markers suggest total left-lateral slip of at least
1.7–2.4 km on the Deliler fault and at least ~940 m
of normal slip on the Hınzır fault. Distributed and
relatively low-magnitude seismicity suggests relatively
minor active sinistral strike-slip faulting distributed
across kinematically linked sinistral and normal faults
representing the northeastern segment of the Central
Anatolian fault zone.
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